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ABSTRACT:- The use of gun-type hypervelocity launchers in
aerodynamic research and development has placed a severe
problem on the designer of these devices. The extremely
high muzzle velocities (12,000 feet per second to 30,000
feet per second) attained increase the barrel erosion and
wear to such levrels that a vory low firing life is available.
Thths, the cost of employing these launchers in a research
program, because of high replaccmment coc;ts and low life
expectancy, becomes excessive. This report treats thc
possibility of using the loose liner barrel construction
as a means of reducing these costs and shows that employmnent
of autofrettaged linerf offers distinct advantages. ( -
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LIST 07 SMIBOLS

SP Pressure (psi)

PC Pressure to tah:e up clearance

Pf Pressure to cause yielding

Y 0 Yield strength (psi)

Wall ratio (outside diaineter/inside dimareter)

o Stress (psi)

Clearance (in)

Young's modulus (30 x 106 psi)

D 0 Outside diameter (in)

S Distortion energy stress (psi)

£ Strain (in/in)

STangential strain to take up Clearance

Subscripts

t Tangential

7- Longitudinal

r Radial

Liner
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yielding begins at the inside diameter, a residual permanent
set occurs in the bore. The resultant non--unifor-m bore diam:.eter
results in undesirable gaas, blo-ihy and sabot acceleration.

Based upon the Distortion Energy Theory, yielding at the
bore occurs whene

- Yo (co -i')(1p=O

Thus, an infinite wall ratio tube will yield at a prersýure
given by

- o (2)
P -g

If the wall ratio is lcss: say in the range W - 1.1 to 1.7
the pressure capnbility (from eq. (1)) varies from .174 Yo /
to .655 Yo/ '-•. Thus, the pressure capability of any tube is
restricted to relatively low values for elatztic.operation.

In loose liner construction, the inner tube having a
relatively lou*w wall ratio (since otherwise no cost saving would
occur on replacement) is inserted into a thicker-walled jachet.
mfnen pressure is applied the 13nor expands and tahes up the
clearance until it in supported by the outer jachet. The entire
tube then acts as a thick-walled tube as additional prescure is
applied. Thus, the tube initially acts as a thin-walled tube
until the pressure causes contact with the outer tube. If the
yield point of the liner is reached at any time during the entire
pressurization it will permanently eapand and be left with a
residual cat. If, in this case, the clearance is used up, the
liner cannot be easily removed and the entire purpose of the

loose construction is defeated.

Now the outside dialticter Do swells elastically by an
amount • as given by the equation

Do -. (3)

* This result is for a closed-end tube. The result for the
open or plane strain case does not vary more than a fcw
percent from this value. Equation (1) for the cloced.-end
tubs is based upon the yield condition -• - 2Yo/ \f

2
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Thum, if the liner har, a given clearance, % on the diameter,
the preosuro at w;'hich the liner engages the jacket is

P =- _( c4- I) -(4),
D, 1.7

At this pres swe, th, combined streso (by the Distortion Enerqy
Theory) at the bore is

If additional preFausrla is now aplied to the liner-jacket
combination, the liner borc will eventually reach the yield
point. Lthio limit occurs w,,hen an additional AP has been
applied which it; given by the yielding condition

t- -W -Z :7,, (6)

,hcro Oi i the over-all wall ratio of liner and jacket

Sub:.;tituting &P FP -Pc and S, ti f3- I W into
equation (6) give--

P, Yo

or

(w(7)
Y+ Pc {- (w-f) 1

f e------ -----

SThe yield criterion for the closed-end tubo where it-is
asned Oquiv n to )/ -?. , raduccr to - ; 2Y, which

is cquiv;acrit to cqtiautioi- (G).

3
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By virtue of Cquation (3)

-- o .... _.Cii- (8)
y I~.7Y

Equation (8) gives the maximum value of pressure that a
loose liner constr-uction will hold elastically for any value
of Yo, E-. t , We. and Wo . For greater values of preosure,
the bore of the ein.er will be plastically yielded. Figure 1
is a plot of Pf/Yo against Et £Et/Yo for various values of Lug.
The assumad value of w- is 5 for the plot.*' If the clearance
is zero, the liner and jaco,,et will act as a tube of wall :catio
51 thus, the value of Pf/Yo is from equation (1)

Pf_ 55Lf.
Yo

As -Et,/Yo increases, i.e., clearance between liner and
jacket is permitted, the value of Pf/Yo decreases. For each
value of We. there is a limiting value of EE•t/Yo indicated
by the horizontal dotted portion of each curve. At this
limiting value, the liner just reaches the yield point as the
clearance between tube and liner reaches zero. Further
pressurization vi.ll cause yielding of the liner. An inte:resting
feature of figutre 1 is the very small dependence that Pf/Yo has
on (Ua. Essentially all the curves coincide except for the
limiting value.

It is apparent from figure 1 that the introduction of
clearance se:ziously degrades the pressure to which the system
can operate elastically. For example, consider the fo:lowing
case:
• For (0 large, equation (8) becomes

_E Et(L

The plot in figire 1 for w-5 is in good agreement with this
equation.

4
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Steel Liner I.D. 1.00" ¥o 140,000 psi

Liner O.D. 1.30"

Clearance on diameter .002'

E tc , 900a 3oxio .
f.3 y0 7407 -o 7 :.- 3

From figure 1, Pf/Y0 = .375 dr Pf = 52,500 psi.

If the clearance were zero, ioe., monobloc construction
had been used, the peak pressure that could be maintained, from
figure I ( E_ C_. =O), would be 77,500 psb, Thus, the loose

liner construction degraded the pressure capability by 32 percent.

Thus, although while the looae liner provides a lzw-cost
method of barrel replacement it suffers from the serious drawback
that the pressure capability is limited.

AUTOFRETTAGED LOOSE LINER CONSTRUCTION

From equ&tion (1), for very large wall ratios, the
limiting pressure is Yo/ ý- Thus, to attain a pressure of
100,000 psi elastically it is nece3sary to use a steel having
a yield of 173,000 psi. The pxoblem of obtaining a cha.irber of
large size with such a yield strength is considerablv. Thus,
to obtain high-pressure operation such as is requIrxd in
hypervelocity 4evslopient, it is necessary to resort to other
methods than straight monobloc construction. Th~re methods are
the use of compound tubes with interference construction
(shrink fits) or the autotrettaging of a monobloc tube (ref. (MI).
This last techniqua Is the one most often applied in the design
of launchers at the Naval Ordnance Laboratory. The autofrettige
principle is based upon pressur•i.ng a cylinder to val•ws
greater than the pressure that causes yielding initiation at
the bore. This pressura application causes yieldinV through
part or all of tho wall dependinqg uon the pressure a&liod.
The non-uniform yieldi•n pro<dxcO3 residual compressive stresses
at the bore so that pres&ure can subsequently be spplied up to
the autofrettage pressure with the cylin4ar _,eactinq alastically.

To obtain the high pressures requixed in hyperva-ocity
expqerints, the autofrettage process is applid during manu-
facture of the tube. There is a im•t to tVe pressure that
a tube can be subjouted to during this process. The *.ait is

5
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vi (10)

For the larger wall ratios, from equation (10) the pressure
is twice the pressure given by equation (1), The autoffrettaga
process has, therefore, doubled the pressure capability of t)'e
systex for elastic oporation.

While a vain has been obtained in pressure capability,
no advantage has been obtained as far as wear is concerned.
la fact, autofrettaged tubes cannot be rebored without reducing
their pressura capaL'iity since some of tihe residual stresses
are removed during reboring.

1he advantages of autofrettage in monobloc ronstruction, as
indicated Lýove, lead one to consider whether such a process
might n3P tend itself to loose liner construction. The idea here
is that c -e. loose 3iner, which of necessity has a relatively
small sall ratio, would bi pi'essurized to the fully plastic
atate during manufacture. Thus, its elastic pressure range
would be increased over what it would have been in the non-
autzfrettaged condition. It would then be inserted into a
jacxet "nder the same conditions as given in the socond section
of this veport. The feasibility of this procedure will now be
*1nvastigated.

The prw~sure required to make the liner fully plastic is
from equaticn (9)

P --- 'I

"At the preszbux given by equation (9) the tube becomes
fully plastic tree reference (1)).

0, At the pressure given by equation (10) for W>..,2.22 the
rQiduil stresses are of such rAgnitude that the bore is
on the verge of yielding in compression (see reference (1)).
Also see reference (2) for use of reyielded tubes.

0 !4
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After application of this pressure to the liner, the liner-'is
described as fully autofrettaged, and subsequent applicat••n of
pressure up to this value will cause only elastic deformations
of the liner.

This pressure induces residual stresses at the bore whi•!b
are (see reference (1))

Cr (12)

The pressure required to take up the clearancs o betweeA
the liner and jacket is

~* ,j- ~ E~k'(4)D• ,.7 -- .7"

and it produces stresses in t•.e bore

3=. . + (14)

The stresses produced by application of additional pressure
to the liner-jacket combination are

7
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where

AP P
pC

By superposition of all the stresses the yield condition gives

C Yo
S= - = ,Ar/I

This simplifies to
w

2 E_ E.tcI

1Uation (18) is plotted in figure 2 for various values of WL
W was assumed to be 5. Shown for comparison are the Wj= 1.3
and O a 1.7 of figure 1. The dotted horizontal portions of
oadh curve represent the maximum pressure the liner will hold
unsupported, i.e., the autofrettage pressure, and the value
of ZE i/Yo where this occurs.

It in apparent (see figure 2) that autofrettaged loose
liner construction provides considerable gain over the non-
autofrettaged loose liner system. Such an autofrettaged liner
construction, of course, will not sustain the magnitude of
pressure P/Y o - 1.108 that a cylinder of W = 5 will withstand
if autofrettaged. Nevertheless, the autofrettaged loose liner
method appears to provide a low-cost method of barrel replacement
wvith the capability of providing high-pressure operation.

For comparison purposes, the example cited in the second

section of this report yields the following results:

m Monobloc - non-autofrettaged ( W - 5), Pf - 77,500 psi

Loose Liner - non-autoirettaged ( W# - 1.3), Pf - 52,500 psi

* Fr W•-•>•Wg ,this becomes -=- r.
which is a good approximation for all Lu? 4.

8
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1o'.o~ob).¢ - autofrettagcd ( W = 5), Pf 155,000 psi

Loose Linnr autofrettaged ( Ja = 1.3), Pf = 74,400 psi

For tU•.,; e the autofrettaged loose 3 ±nor Las app roximately
the :;n: cxbilii;y as the non--autofrettc!rxd i .'-nobloc systemn.

Ars an•tv-r c:.:v•-i'rle, suppo-,e that it is desired to hold a
Prelrc Of~ .00,000 pi.o If the liner has a yield strength
of 150,000 psi, Pf/Yo = 0.667. Prom figure 2 the following
table •,;%,1t,:

Diametral (I.D. of barrel = 1.00")
- Etc tc •" Clearance (Thousandths)

1.3 0.08 .4 .52

1.5 0.265 1.32 1.98

1.7 0.445 2.22 3.77

Since ease of asserably is required, a minimum of .002" (and
prefer:ably .003) diametral clearance would be desirable. Thus,the liner should be selected with a wall ratio somewhere

betwcen 1.5 and 1.7.

CONCLUSIONS

The autofrettaged loose liner construction offers distinct
advantages over the conventional loose liner construction since
considerably higher pressures can be contained elastically.
In practice, the manufacture of a system utilizing this method
would be as follows:

1. For the desired pressure capability select a yield
strength for the liner. Note that this yield can be made
somewhat higher during manufacture than it can for a large
wall monobloc since the liner wall will be relatively thin.
With the computed value of Pf/Yo read off F- Etc/Yo from figure
2 for various wall ratios of the liner.

2. Compute the diametral clearance for each liner. 'Based
upon the manufacturing capabilities available, select a
reasonable value for this clearance, thereby selecting the
required liner.

9
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3. Have the liner mrnnufactured, heat trcated and
autofrettaged to the presssiire given by equation (9). Then
fininh ground to the dimensions desired. (As little material
as povsible nhould b2 reiooved in thir,. process to avoid reducing
the residual strc=sen.)

4. Design the jacket to have the sawe approximatc IoD.
as the O.Do of the liner, Finish machine the I.D. to the OoD.
of liner plus the required clearance. (in the development of
the equations in the first and second .Pections of this report
no attenticmn was given to the stresses developed in the jacket.
This was not an oversight since the jacket can always be
designed to have a higher pressure capability than the liner
by means of autofrettage.)

With this procedure the system is then ready for operation.
The liners can be replaced with little difficulty provided the
design pressure is not exceeded.

At the Naval Ordnance Laboratory, the 1,000-ft.
flyperballistics Range No. 4 contains a barrel having a
1.5-inch bore and an 0-inch outside diameter. It was designed

*1 for pressures in excess of 100,000 psi. The original cost of
this barrel (which is the cost of replacing it) was $35,000.
Cost estimaten, using the autofrettaged loose liner constructioix
outlined above, show that liners, capable of providing operaticon

up to 100,000 psi, can be constructed for about $2,000. The
indicated cost saving makes the use of this construction r.zethod
extremely attractive.

10
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(PLOT IS EXACT FORO.)s 5 AND APPROX)(MAITLY
CORRECT FOR ALLIVO'4)

0.6"

-..... REGICN WHERE I t4ER YIELDS
BEFORE eONTACING JAMT.

0.5-

0.4- LINER WALL RATIO

A 1o a . . . 0 .

- ........ -4e • 1.7

0.3-

0.2

E sitc

FIG. I INTERNAL PRESSURE REQUIRED TO YIELD
LINER AS A FUNCTION OF INITIAL
LINER- JACKET CLEARANCE.
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(PLOT IS EXACT FOR •,5 AND APPROXIMATELY
CORRECT FOR ALL W > 4)

I~t- -f---RESION WHERE LINER YIELDS
BEFORE CONTACTING JACKET.

1.1 MAXIMUM- AIJTOFRETTAGED
CYLINDER& .J5

Lo_

bol
LINER WALL RATIO

.PRESSURE REQUIRED TO YIELD
A FULLY AUTOFRETTAGED LINER AS A
FUNCTION OF INITIAL LINER CLEARANCE.
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